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In familial and sporadic amyotrophic lateral sclerosis (ALS) and in rodent models of the disease, alterations
in the ubiquitin-proteasome system (UPS) may be responsible for the accumulation of potentially harmful
ubiquitinated proteins, leading to motor neuron death. In the spinal cord of transgenic mice expressing
the familial ALS superoxide dismutase 1 (SOD1) gene mutation G93A (SOD1G93A), we found a decrease in
constitutive proteasome subunits during disease progression, as assessed by real-time PCR and immuno-
histochemistry. In parallel, an increased immunoproteasome expression was observed, which correlated
with a local inflammatory response due to glial activation. These findings support the existence of protea-
some modifications in ALS vulnerable tissues. To functionally investigate the UPS in ALS motor neurons
in vivo, we crossed SOD1G93A mice with transgenic mice that express a fluorescently tagged reporter sub-
strate of the UPS. In double-transgenic UbG76V-GFP /SOD1G93A mice an increase in UbG76V-GFP reporter,
indicative of UPS impairment, was detectable in a few spinal motor neurons and not in reactive astrocytes
or microglia, at symptomatic stage but not before symptoms onset. The levels of reporter transcript were
unaltered, suggesting that the accumulation of UbG76V-GFP was due to deficient reporter degradation. In
some motor neurons the increase of UbG76V-GFP was accompanied by the accumulation of ubiquitin and
phosphorylated neurofilaments, both markers of ALS pathology. These data suggest that UPS impairment
occurs in motor neurons of mutant SOD1-linked ALS mice and may play a role in the disease progression.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by the loss of motor neurons localized
in motor cortex, brainstem and spinal cord (1,2). In �5–
10% of patients the disease is inherited and 20% of these
are associated with mutations in the gene coding for Cu,Zn
superoxide dismutase (SOD1) (3). Transgenic mice that
overexpress human SOD1 with the Gly93Ala substitution

(SOD1G93A mice) develop a motor neuron dysfunction that
mimics the human disease (4).

The presence of proteinaceous inclusions rich in ubiquitin in
motor neurons is a neuropathological feature of both ALS patients
and animal models of the disease (5–9). It has been proposed that
alterations in the functionality of the ubiquitin-proteasome
system (UPS) might play a role in this phenomenon (10–15).

The UPS is the main intracellular proteolytic system,
responsible for the maintenance of protein turnover and for

†Part of confocal microscopy experiments were carried out at the Centro Interdipartimentale di Microscopia Avanzata (CIMA) of the University
of Milan.

�To whom correspondence should be addressed. Tel: þ39 0239014488; Fax: þ39 023546277; Email: bendotti@marionegri.it

# The Author 2008. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2009, Vol. 18, No. 1 82–96
doi:10.1093/hmg/ddn319
Advance Access published on September 29, 2008

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2012
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


the selective removal of damaged and unfolded proteins (16–
19). The 26S proteasome, that degrades poly-ubiquitinated
proteins, consists of two sub-complexes: the 19S regulatory
particle and the 20S particle, which contains the three catalytic
subunits b1, b2 and b5. In mammals, upon induction by IFNg
and/or TNFa, these constitutive catalytic subunits can be
replaced by the corresponding homologous ‘inducible’ sub-
units ib1/LMP2, ib2/LMP10 and ib5/LMP7, forming the
immunoproteasome (17,20).

It is known that mutant SOD1 is degraded by the proteasome
(21,22) and partial inhibition of proteasome activity provokes the
formation of large SOD1-containing aggregates (13,23,24). In a
recent study we found that the levels of 20S constitutive catalytic
subunits were significantly reduced in the spinal cord of
SOD1G93A mice at an advanced stage of the disease, whereas
at the same time the levels of their inducible counterparts were
significantly increased. The replacement of the constitutive sub-
units with inducible subunits did not result in detectable changes
in the 20S proteasome proteolytic activity. Other studies have
demonstrated opposite changes in the expression of constitutive
and inducible proteasome subunits in SOD1 mutant mice
(11,25,26). So far it has not been clarified which mechanisms
underlie the shift from constitutive proteasome to immunopro-
teasome and whether this effect may be related to the pathogen-
esis and/or disease progression. Moreover, although all these
studies suggested the possibility that UPS is disrupted in ALS
models, none of them conclusively demonstrated that the UPS
impairment may occur in vivo in motor neurons.

An innovative approach to measure UPS functionality in vivo
at the cellular level has been recently developed, based on the
use of reporter proteins such as UbG76V-GFP. Under physiologi-
cal conditions UbG76V-GFP is constitutively degraded by the UPS
as the N-terminal ubiquitin moiety is recognized as a degradation
signal leading to poly-ubiquitination and degradation of the
ubiquitin-fusion substrate (27). An alteration in any step of
the UPS may therefore result in the accumulation of the
UbG76V-GFP protein. Hence, mice expressing the UbG76V-GFP
reporter (from now referred to as GFP mice) may be a valuable
tool to assess the overall functionality of the UPS at the cellular
level in vivo (28). This model has already been used to demon-
strate a functional UPS alteration in prion-infected mice (29) as
well as to demonstrate that proteasome impairment does not
occur in a mouse model of polyglutamine disease (30).

Therefore, in the present study we aimed to: (i) investigate the
mechanisms that underlie the shift from constitutive proteasome
to immunoproteasome during the course of the disease in the
SOD1G93A mouse model and clarify their functional signifi-
cance; (ii) assess the functional status of the UPS at the cellular
level in the spinal cord of double-transgenic mice (GFP/
SOD1G93A) at different stages during disease progression.

RESULTS

Increased immunoproteasome expression correlates
with glial activation and TNFa induction in SOD1G93A
spinal cord

To obtain information about the level of expression of various
components of the 26S proteasome in SOD1G93A mice, the
following transcripts were measured by real-time PCR in the

lumbar spinal cord homogenate: constitutive catalytic b5, b1
and b2 subunits of 20S particle and their inducible counter-
parts LMP7, LMP2 and LMP10; non-catalytic 20Sa5
subunit; non-ATPAse S1 subunit of 19S complex; proteasome
maturation protein (POMP). Transcript levels in SOD1G93A
mice were reported as percentage of the levels in non-
transgenic (NTg) littermates.

A remarkable decrease in the mRNA levels of all the con-
stitutive catalytic subunits and POMP was observed in the
lumbar spinal cord of end-stage SOD1G93A mice compared
with NTg littermates (Fig. 1A). No changes were detected in
these subunits at earlier disease stages except for a slight but
significant decrease of the 19S subunit already at the pre-
symptomatic stage and for a significant decrease of the non-
catalytic 20Sa5 subunit at the symptomatic stage.

Also the levels of different immunoproteasome subunits
changed in the lumbar spinal cord of SOD1G93A mice
during disease progression (Fig. 1B). The mRNA of LMP7
subunit progressively increased from the pre-symptomatic
stage until the end stage of disease. Such trend was not
observed for the other inducible subunits except for a small
but significant increase in the LMP10 only at the symptomatic
stage. None of the transcript subunits examined was modified
in the hippocampus of SOD1G93A mice at the end stage of the
disease as compared with NTg controls (data not shown).

To investigate whether the induction of immunoproteasome
in the lumbar spinal cord correlated with alterations of the
immuno-inflammatory system, we measured the transcript
levels of the pro-inflammatory cytokine TNFa as well as
those of GFAP (glial fibrillary acidic protein), CD68 and
CD8 as markers of activation for astrocytes, phagocytic micro-
glial cells and cytotoxic T lymphocytes, respectively. The
mRNAs for TNFa, CD68 and GFAP were progressively
up-regulated from the pre-symptomatic stage, whereas the
CD8 transcript remained unchanged (Fig. 1C).

Immunohistochemical studies on lumbar spinal cord sec-
tions from SOD1G93A, SOD1wt and NTg mice at different
ages revealed selective cellular alterations in the expression
of constitutive and inducible proteasomal subunits during
disease progression (Figs 2 and 3).

The constitutive structural 20S alpha subunits were decreased
in some of the motor neurons of symptomatic SOD1G93A mice,
compared with motor neurons of SOD1wt and NTg mice
(not shown) confirming our previous results (10). The three
inducible 20S beta subunits were very weakly expressed in
the spinal cord of both NTg and SOD1wt mice at all ages
(Figs 2 and 3), whereas their expression was increased in the
ventral horn of SOD1G93A mice from pre-symptomatic
stages (Figs 2 and 3). In particular, in SOD1G93A mice, an
increased immunoreactivity for all the inducible beta subunits
was found in activated astrocytes and microglia identified by
specific markers (Fig. 3) and also in some motor neurons both
with a normal appearance or vacuolated (Figs 2 and 3).

Proteasome inhibition induces the accumulation
of UbG76V-GFP in cultured motor neurons
from GFP mouse models

Both GFP1 and GFP2 mouse lines were analyzed to establish
the basal levels of the reporter protein in the spinal cord.
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The expression of UbG76V-GFP was detected by immunohisto-
chemistry with an anti-GFP antibody since native GFP fluor-
escence was under the detection threshold in the spinal cord
of both lines (data not shown). A substantial difference was
observed between the two transgenic lines: while in the
GFP1 line basal UbG76V-GFP levels were clearly detectable
by immunostaining in almost all the cell populations of
both dorsal and ventral lumbar spinal cord (Supplementary
Material, Fig. S1c and d), no immunostaining was observed
in the GFP2 line (Supplementary Material, Fig. S1e and f)
as in the NTg mice (Supplementary Material, Fig. S1a and
b). No differences with age progression were found in either
GFP1 or GFP2 lines (data not shown).

Both GFP1 and GFP2 lines were subsequently used for
cross-breeding with SOD1G93A mice. However, since in
GFP2 mice the basal reporter protein level was undetectable,
this line was considered the most stringent model for detect-
ing a specific and robust accumulation of UbG76V-GFP at the
cellular level. Before cross-breeding, we verified whether
GFP accumulated in the spinal cord motor neurons in
response to UPS inhibition using in vitro spinal cord neuronal

cultures (Fig. 4). Primary cultures obtained from the spinal
cord of NTg or GFP2 embryos (14 days) were treated with
the proteasome inhibitor MG132 and labeled for SMI-32
and GFP. In almost all cultured GFP2 neurons, the adminis-
tration of 1.5 mM MG132 elicited a detectable increase in the
levels of the reporter protein (Fig. 4D and F). The accumu-
lation of GFP was particularly remarkable in neurons charac-
terized by intense SMI-32 labeling, large cell body and
prominent neuritic arborization, therefore identified as
motor neurons (insets in Fig. 4F). The results were confirmed
also with other doses of MG132 (0.5 and 4.5 mM, data not
shown).

On the basis of this evidence, the GFP2 mouse line was
used for the majority of the experiments, although some of
the key findings were confirmed also in GFP1 line.

Disease progression in SOD1G93A model is not modified
by the presence of UbG76V-GFP

Since the presence of a transgene coding for a protein that is
degraded by the UPS could represent an additional burden for

Figure 1. Real-time PCR in the lumbar spinal cord of pre-symptomatic, symptomatic and end-stage SOD1G93A mice (black column) and NTg littermates (white
column) for the following mRNAs: (A) b5, b1, b2, a5 subunit of 20S, S1 subunit of 19S and POMP; (B) LMP7, LMP2 and LMP10; (C) TNFa, GFAP, CD68
and CD8 transcripts. (A) Significant decrease of 19S at pre-symptomatic stage and of a5 subunit at the symptomatic stage as compared with NTg littermates. A
remarkable decrease is found in the mRNA levels of almost all subunits in SOD1G93A mice at the end-stage in respect to NTg littermates. (B) Progressive
increase of LMP7 mRNA from the pre-symptomatic to the end-stage. A small but significant increase of LMP10 is found only at the symptomatic phase,
while LMP2 never changes. (C) High significant increase of TNFa, CD68 and GFAP starting from pre-symptomatic to the final stage. All transcripts were
normalized versus b-actin and the ratios expressed as percentage of the values from NTg littermates. Each histogram shows the mean+SEM of at least
four mice. Data were analyzed by Student’s t-test. (�P , 0.05; ��P , 0.01; ���P , 0.001 compared with NTg).
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a system already facing large amounts of unfolded proteins, we
examined the disease progression of the GFP/SOD1G93A
double-transgenic mice as compared with that of SOD1G93A

mice. There were no indications for a more severe pathology
in SOD1G93A mice expressing the reporter protein since
the decline of the body weight, the progression of motor

Figure 2. Immunoperoxidase detection of the proteasome inducible subunits LMP2, LMP10, LMP7 in lumbar spinal cord sections of NTg and SOD1G93A
mice at pre-symptomatic (12 weeks) and late symptomatic (20 weeks) age. For each subunit the upper panels show low magnification images of the ventral
horn, whereas the lower panels show details of motor neurons (arrows in D, E, G, K, L, N, R, S and U) and glial cells (F, M, T and V); asterisks ¼ vacuoles
in N. All the subunits are more intensely expressed in SOD1G93A mice than in NTg mice. Scale bar 10 mm in A–C, H–J, O–Q; 4 mm in D–G,
K–N, R–U.
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Figure 3. Confocal images of proteasome inducible subunits LMP2, LMP10, LMP7 (green) in lumbar spinal cord sections of NTg (A, H, and N), SOD1wt
mice (B, I, and O) and SOD1G93A mice (C–G0; J–M0, P --T0) at different ages. In NTg (A, H and N) and SOD1wt (B, I and O) mice motor neurons
(asterisks) have very low immunoreactivity (green) for the three subunits. Immunoproteasome labeling (green) is intense in motor neurons (asterisks) of
pre-symptomatic (C, J and P) and symptomatic (D, E, K and Q) SOD1G93A mice; some of the motor neurons are vacuolated (E and J) and accumulate
human SOD1 (red in E, J0 and K0); R shows vacuoles (v) in the neuropil rimmed by LMP7 (green) and human SOD1 (red) labeling. In SOD1G93A mice
the immunoreativity for the three subunits (green) is also in astrocytes identified by GFAP (red, arrowheads in F, F0, L, L0, S and S0) and in microglial
cells identified by CD11b (red in G, G0, M, M0, T and T0). Scale bar 4 mm in A–D, H–K, N–Q; 3.8 mm in E; 3 mm in F, L, M and S; 2.8 mm in G;
2.5 mm in T.
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dysfunction and the length of survival were very similar in the
two groups (Supplementary Material, Fig. S2). Hence, double-
transgenic mice were analyzed at the same time points as
SOD1G93A mice during disease progression.

Accumulation of UbG76V-GFP protein in spinal cord
homogenate and motor neurons of double-transgenic
GFP/SOD1G93A mice

The expression level of the reporter protein was examined by
immunoblotting of homogenates and immunohistochemistry

of lumbar spinal cord sections in symptomatic double-
transgenic GFP/SOD1G93A mice compared with their GFP
littermates. The levels of UbG76V-GFP in spinal cord hom-
ogenates of symptomatic GFP2 and GFP2/SOD1G93A mice
were below the detection threshold in the immunoblot assay,
whereas a specific band was detectable in the homogenate of
the GFP1 mice, both single and double-transgenic (Fig. 5A).
The quantification of the bands’ optical density (Fig. 5B)
revealed a 1.2-fold increase in GFP1/SOD1G93A spinal cord
compared with GFP1 mice, although the difference did not
reach statistical significance (P ¼ 0.058, Student’s t-test). To
demonstrate that the accumulation of UbG76V-GFP protein
was due to reduced protein degradation rather than to elevated
protein production, the UbG76V-GFP transcript levels were
also measured by real-time PCR in lumbar spinal cord of
symptomatic GFP1/SOD1G93A mice compared with their
GFP littermates. No differences were detected between the
two groups (Fig. 5C). Similarly, no differences were observed
in UbG76V-GFP transcript levels between GFP2/SOD1G93A
mice and their GFP2 littermates (data not shown).

To detect UbG76V-GFP at the cellular level, immunohisto-
chemical analysis was performed on lumbar spinal cord
sections of double-transgenic GFP1/SOD1G93A and GFP2/
SOD1G93A mice at various stages of disease progression
and in their GFP and SOD1G93A littermates. While in sec-
tions from GFP2 mice the reporter protein remained undetect-
able (Fig. 6C and D), a small number of cells with a clear
accumulation of the reporter protein was found in the spinal
grey matter of symptomatic GFP2/SOD1G93A mice. The per-
centage of GFP-positive cells over the total motor neurons per
section in these mice was 11+ 3% (mean+SEM). It must be
considered that the mean number of motor neurons counted
in each lumbar section of symptomatic GFP2/SOD1G93A
mice was 16+ 3 (mean+SEM, n ¼ 10 sections/mouse,
n ¼ 4 mice), representing 57% of the motor neurons present
in a lumbar spinal cord section of age-matched GFP2
mice (total motor neurons 28+ 3, mean+SEM, n ¼ 10
sections/mouse, n ¼ 4 mice). Moreover, the majority of the
GFP-positive motor neurons showed morphological alterations
such as vacuolization (Fig. 6G and H). This effect was

Figure 4. Colocalization of GFP and SMI-32 immunoreactivity in spinal neurons cultures from GFP2 mouse embryos after proteasome inhibition. Cultures are
treated with vehicle (A–C) or with the proteasome inhibitor MG132 1.5 mM (D–F) to induce an increase of GFP levels. An intense GFP immunostaining is
observed in motor neurons characterized by an intense SMI-32 labeling after proteasome inhibition. Scale bar 50 mm, insets 20 mm.

Figure 5. (A) Representative immunoblot for UbG76V-GFP in the lumbar
spinal cord of GFP1 and GFP1/SOD1G93A mice at the symptomatic stage.
(B) Quantitative analysis of the immunoblot. The optical density was
measured for each autoradiographic band and values for GFP1/SOD1G93A
were compared with GFP1 after correction for total protein. Each histogram
shows the mean+SEM of at least four mice. Data were analyzed by Student’s
t-test. P ¼ 0.058 (C) Real-time PCR for UbG76V-GFP transcript in the lumbar
spinal cord of GFP1/SOD1G93A mice and GFP1 littermates at the sympto-
matic stage of disease progression. Levels of GFP transcript were normalized
to b-actin and the ratios from double-transgenic mice were expressed as per-
centage of the ratio value of the GFP1 mice. Each histogram shows the
mean+SEM of at least five mice. Data were analyzed by Student’s t-test.
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observed also in GFP2/SOD1G93A mice at the end-stage of
the disease, while no GFP-positive cells were detectable in
the spinal cord of double-transgenic mice at the pre-
symptomatic stage (data not shown).

In the spinal cord of GFP1 mice, a diffuse basal GFP
immunostaining was found in almost all cells of the ventral
and dorsal regions, in line with higher constitutive reporter
levels. In the spinal cord of double-transgenic GFP1/
SOD1G93A mice, a few scattered motor neurons in the
ventral horn showed a very intense GFP immunostaining,
much stronger than the GFP1 control levels (data not
shown), whereas no GFP immunostaining was found in the
spinal cord sections of SOD1G93A mice (Fig. 6A and B).

No GFP immunostaining was found in sagittal brain sections
of double-transgenic symptomatic and end-stage GFP2/
SOD1G93A mice, with the exception of the brainstem where,
at the end-stage of disease, an intense GFP labeling was

detected in a few neurons and neurite-like structures present
at the level of motor nuclei (facial, motor trigemini, Fig. 7).

Accumulation of UbG76V-GFP in spinal motor neurons
colocalizes with markers of neurodegeneration

Double immunofluorescence confocal microscopy was per-
formed on lumbar spinal cord sections of symptomatic
GFP2/SOD1G93A mice to identify and characterize the cell
types showing increased UbG76V-GFP levels. Double staining
for GFP and the motor neuron marker choline acetyl transfer-
ase (ChAT) showed high quantities of reporter protein in some
ChAT-positive motor neurons (Fig. 8D–F). Conversely, in the
ventral horn of GFP2/SOD1G93A mice no colocalization was
found between GFP and the GFAP, which specifically labels
astrocytes or the anti-CD11b antibody, which labels reactive
microglial cells (Fig. 8I and L).

Since the accumulation of phosphorylated neurofilaments in
the neuron perikarya as well as the increased levels of ubiqui-
tin are considered markers of neuronal degeneration, we also
examined the colocalization of GFP with SMI-31, an antibody
specific for phosphorylated neurofilaments normally present
only in axons (Fig. 9A–C), or with an anti-ubiquitin antibody
(Fig. 9D–F), on serial sections from symptomatic GFP2/
SOD1G93A lumbar spinal cord. About one-third of the
GFP-positive cells in the ventral horns of GFP2/SOD1G93A
mice also displayed an accumulation of SMI-31 immunoreac-
tivity, while colocalization of GFP and ubiquitin was found in
�50% of the UbG76V-GFP-positive cells (Fig. 9G).

UbG76V-GFP transcript is up-regulated in small but
not in large cells of double-transgenic mouse spinal cord

Although real-time PCR revealed no changes in UbG76V-GFP
mRNA in spinal cord homogenates of symptomatic double-
transgenic mice, the expression of this transcript was also
evaluated at the cellular level by in situ hybridization as differ-
ences were found in the accumulation of UbG76V-GFP
between motor neurons and other cells.

Figure 10 shows representative images of sections from the
lumbar ventral horn of NTg (A), GFP2 (B) and GFP2/
SOD1G93A (C) mice hybridized with a radiolabeled RNA
probe for the UbG76V-GFP mRNA detected by autoradio-
graphic emulsion. An intense silver grain density, higher
than the background signal found in NTg mice, was visible
in the cells from GFP2 and GFP2/SOD1G93A samples, indi-
cating the specificity of the probe. The graph (Fig.10D)
shows the levels of UbG76V-GFP transcript, quantified as
grain densities, localized in small (100–250 mm2) and large
cells, presumably motor neurons (.250 mm2) of GFP2/
SOD1G93A mice compared with their GFP2 littermates. In
ventral horns of symptomatic mice, a significant increase of
the UbG76V-GFP mRNA was detected in small cells, but not
in large cells, of GFP2/SOD1G93A mice compared with
GFP2 mice. Although we do not have proof of the phenotype
of these small cells, on the basis of their size we suggest that
they are likely glial cells and/or small neurons but not motor
neurons. Importantly, the elevation in transcript in these
cells is not associated with an increase of UbG76V-GFP

Figure 6. Immunohistochemistry of GFP in the dorsal and ventral horns of the
lumbar spinal cord of symptomatic SOD1G93A (A and B), and GFP2/
SOD1G93A (E and F) mice and in age matched GFP2 mice (C and D).
While in sections from SOD1G93A and GFP2 mice the reporter protein
remains undetectable (A–D), in the ventral horn of symptomatic GFP2/
SOD1G93A mice a clear accumulation of the reporter protein occurs in
motor neuronal-like cells; some of them show morphological alterations
such as vacuolization (framed neurons in F, G and H). Scale bar 100 mm
(A–F); 20 mm (G and H).
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protein suggesting either a stabilization of the transcript and/or
an efficient protein degradation in these cells.

DISCUSSION

UPS dysfunction occurs in ALS motor neurons

The presence of inclusion bodies containing aggregated and
ubiquitinated proteins in motor neurons is a typical feature
both in ALS patients and in murine models of the disease.
Although this finding has been linked to UPS alterations, so
far this hypothesis has not been substantiated from in vivo
studies. The present investigation, exploiting a mouse model
which allows to monitor UPS activity in vivo (UbG76V-GFP
mouse, 28), cross-bred with an established mouse model of
ALS (SOD1G93A mouse, 4), demonstrates for the first time
that a selective impairment of UPS function takes place in
spinal motor neurons during disease progression. In fact, an
increase in UbG76V-GFP reporter levels, indicating accumu-
lation of the protein not degraded by the proteasome, was
observed only in areas vulnerable to the pathology, such as
the ventral spinal cord and the brainstem motor nuclei of
double-transgenic GFP/SOD1G93A mice at symptomatic
stages. This effect was related to a deficient degradation of
the reporter protein and not to a transcriptional deregulation.

The demonstration that the UPS impairment was not
observed prior to symptoms onset in GFP/SOD1G93A mice
suggests that UPS dysfunction is unlikely to be a primary
defect in the process of motor neuron degeneration, as it
occurs later than other specific cellular abnormalities such as
swelling of mitochondria, vacuolization, Golgi fragmentation
or axonal transport impairment that are detectable since
pre-symptomatic stages (31–34). The absence of detectable
reporter accumulation at early stages of the disease process
does not rule out the possibility that more subtle perturbations
to UPS activity may be occurring in motor neurons earlier in
the pathogenic process. Although insufficient to result in the
detectable accumulation of reporter, subtle perturbations to

UPS activity could contribute over time to the accumulation
of misfolded proteins and hence play a role in the disease
pathogenesis.

The fraction of motor neurons displaying GFP accumulation
in symptomatic GFP/SOD1G93A spinal cord was only 11%.
However, since at this stage of the disease 43% of the spinal
motor neurons are already lost and it is impossible to know
which percentage of them was GFP-positive, this effect
could be underestimated. Moreover, the observation of a rela-
tive small proportion of GFP-positive motor neurons may
depend on the fact that (i) a transient inhibition of the UPS
occurs in a non-synchronous way in the total motor neuron
population and (ii) in each single sample we are analyzing
only a snapshot in a sequence of events occurring at different
times in a progressive disease such as ALS. In line with this,
we also found that not all the ventral horn neurons showing
reporter immunoreactivity also accumulated phosphorylated
neurofilaments or ubiquitin, two markers of degeneration in
ALS. This suggests that, in motor neuron perikarya, the UPS
dysfunction visualized by GFP detection precedes the
massive accumulation of phosphorylated filaments and ubiqui-
tinated proteins that occurs only at later stages of disease.

The dysfunction of UPS may be related to decreased levels
of the 26S proteasome components that need to be properly
assembled to form a proteolytically efficient complex. We pre-
viously showed a marked decline of constitutive 20S and 19S
subunits in motor neurons of symptomatic SOD1G93A mice
(10), in line with the decreased catalytic activity of 20S pro-
teasome reported in lumbar spinal cord homogenates of the
same mouse model (12). A pre-symptomatic reduction of the
20S constitutive catalytic b3 and b5 subunits without
changes in their mRNAs was also reported (11). In the
present study, we also found no changes in 20S b5 mRNA
levels in the lumbar spinal cord of pre-symptomatic and symp-
tomatic SOD1G93A mice, whereas a moderate decrease in the
mRNA levels of the constitutive 19S and 20S a5 occurred at
these stages of the disease, suggesting a control at the tran-
scriptional level of these subunits. In line with this, a recent

Figure 7. Representative microphotographs of GFP immunostaining in sagital sections from hindbrain and cerebellum of GFP2 (A and D) and GFP2/
SOD1G93A mice at the end-stage (B, C, E and F). GFP signal is barely detectable in the hindbrain of GFP2 mice while it is remarkably intense in the
same region of GFP2/SOD1G93A mice. Intense GFP-positive neuronal-like cells are found in nuclei trigemini (C) and facialis (F) of double-transgenic
mice. Low GFP immunoreactivity is detectable in the cerebellum and no differences are found between the two mouse lines. Scale bar 500 mm (A, B, D
and E); 20 mm (C and F).
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paper showed that the selective loss of a 19S subunit in a
conditional knock-out mouse caused neurodegeneration and
formation of intraneuronal inclusions (35).

The marked decreases in the transcript levels of almost all
constitutive proteasome subunits that we detected in end-stage
SOD1G93A mice are likely due to the massive loss of motor
neurons. However, since UbG76V-GFP needs to be poly-
ubiquitinated and recognized by the 26S complex in order to
be degraded, a failure in other steps in this process, such as
the availability of free ubiquitin, the action of ubiquitinating
enzymes and the delivery of the substrate to the proteasome,
could also account for the accumulation of the reporter
protein in motor neurons.

Involvement of non-neuronal cells

Small cells, presumably glial cells, in the ventral horn of
symptomatic GFP/SOD1G93A mice did not display accumu-
lation of UbG76V-GFP but showed an increase in the reporter
mRNA levels. This can be due to an increase in the reporter
mRNA stability or in the transcriptional activation occurring
in reactive astrocytes and microglia, as demonstrated by the

remarkable increase of the mRNA levels of their selective
markers, GFAP and CD68, respectively, in spinal cord hom-
ogenates of symptomatic SOD1G93A mice. A significant
increase of UbG76V-GFP mRNA levels was previously
observed in retinal neurons of double-transgenic mice result-
ing from the cross-breeding of a murine model of polygluta-
mine disease (SCA7266Q) with UbG76V-GFP mice (30). In
that case however, and in contrast to our observations, the
higher transcript levels correlated with a significant increase
in the reporter protein levels. Therefore, the absence of
reporter protein in hypertrophic astrocytes or reactive micro-
glia in the spinal cord of our GFP/SOD1G93A mice, despite
the increased UbG76V-GFP transcript levels, suggests that the
UPS degradation system remains functional and may even be
overactive in glial cells. This is in line with the evidence that
hypertrophic astrocytes and reactive microglia in sympto-
matic SOD1G93A mice do not accumulate mutant SOD1
or ubiquitin (36). The increased expression of immunopro-
teasome subunits that we observed in spinal cord glial
cells of SOD1G93A mice, in line with previous data
(25,26), may account for their enhanced protein degradation
activity.

Figure 8. (A) Representative laser scanning confocal microphotographs of colocalization of GFP and ChAT immunostaining in the ventral horn of the lumbar
spinal cord from GFP2 (A–C) or GFP2/SOD1G93A mice at the symptomatic stage (D–F). As shown in merge (C and F), intense GFP immunostaining is
observed in some ChAT motor neurons (inset in F) of GFP2/SOD1G93A mice. Scale bar 100 mm (inset 1500�). (B) Representative laser scanning confocal
microphotographs of GFP and GFAP or CD11b immunostaining in the ventral horn of the lumbar spinal cord of GFP2 (G and J), SOD1G93A (H and K)
and symptomatic GFP2/SOD1G93A (I and L) mice. No colocalization is found with GFAP and CD11b. Scale bar 50 mm.
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This is also consistent with the significant up-regulation
of the mRNA of LMP7 and LMP10 immunoproteasome
subunits that we found in lumbar spinal cord homogenates
of SOD1G93A mice already at symptomatic ages and which
became even more pronounced for the LMP7 subunit at the
end-stage of disease when the glia is maximally activated.
Inducible proteasome subunits are up-regulated in response
to inflammatory cytokines (37) and TNFa treatment was
shown to increase LMP7 immunoreactivity in spinal cord
astrocytes and microglia of both NTg and SOD1G93A mice
(26). In line with this, we found a remarkable and progressive
increase of TNFa mRNA in the spinal cord of SOD1G93A
mice compared with NTg littermates, thus confirming previous
studies (38,39). In contrast with previous data (26), we found
no changes in the mRNA levels of LMP2 subunit in the spinal
cord of SOD1G93A mice at any stage of the disease analyzed.
This discrepancy may be due to the different transgenic mouse
lines studied, high- versus low-number of transgene copies of
SOD1G93A.

Since immunoproteasome is required for the efficient gener-
ation of certain MHC class I molecules on the cell surface, and
for the activation of CD8þ T cells, we analyzed the transcript
levels of these cells in lumbar spinal cord homogenates of
SOD1G93A mice. Even if we can not exclude the infiltration
of rare CD8þ T cells, whose markers remain undetectable by
real-time PCR in homogenates, the finding of similar levels
of CD8 mRNA in SOD1G93A and NTg mice at any stage
of disease suggests that CD8þ T lymphocytes do not play a
relevant role in the immune-inflammatory reactions occurring
in SOD1 mutant mice. Additionally, the influx of peripheral
lymphocytes is a rare event also in ALS patients and is only
associated with the end-stage of the disease (40–42).

Role of immunoproteasome in motor neurons

Immunoproteasome is normally poorly expressed in the
central nervous system (43), but its neuronal expression
can be induced under pathological conditions (44). A role of

Figure 9. Representative laser scanning confocal microphotographs of GFP (A and D) and SMI-31 (B) or ubiquitin (E) immunostaining on ventral horn of the
lumbar spinal cord of symptomatic GFP2/SOD1G93A mice. Colocalization is found between GFP and ubiquitin (C) or SMI-31 (F) labeling. Scale bar 20 mm.
(G) Quantitative analysis of SMI-31 or ubiquitin-labeled neurons within GFP-positive population in the ventral horns of symptomatic GFP2/SOD1G93A mice.
White histogram represents total GFP-positive cells, expressed in percentage (white bars, mean+SEM of five mice), while black histogram represents the
fraction that is also SMI-31 or ubiquitin-positive (black bars, mean+SEM of five mice).
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immunoproteasome in ALS has been suggested by the
increase in inducible subunit mRNA and protein levels in
spinal cord homogenates of rodent models of the pathology
(10,11,25,26). At the cellular level, however, the increased
expression of immunoproteasome LMP7 (the only subunit
investigated) has been principally attributed to glial cells
(25,26). At variance with reported data, in spinal cord sections
from SOD1G93A mice, compared with NTg and SOD1wt
mice, we found increased labeling for the three immunopro-
teasome subunits also in motor neurons and from pre-
symptomatic stages. This discrepancy can be explained by
(i) the use of different animal models or (ii) technical
reasons such as the use of paraffin sections instead of free
floating vibratome or cryostat sections or a different anti-
serum. In support of our findings, an early increase in LMP7
mRNA expression has been recently reported in lumbar
motor neurons of SOD1G93A mice using laser capture micro-
dissection (11). This is at variance with the reduced LMP7
protein and mRNA reported in surviving motor neurons of
human sporadic ALS patients (45), however, it might
depend on the post-mortem interval affecting protein detection
or to a loss of inducible subunits occurring in motor neurons at
terminal stages of disease.

As for the functional significance, it can be speculated that
an increased immunoproteasome expression occurs in motor
neurons as a compensatory mechanism to cope with the pre-
sence of aberrant proteins affecting the constitutive subunits.
The proteolytic activity achieved in this way is however
unable to rescue motor neurons from fatal disease progression,
since we also found immunoproteasome labeling in some
degenerating neurons that accumulate mutant SOD1.

Recently, it has been shown that blocking the induction of
LMP7 in astrocytes and microglia exacerbated the pathology
in SOD1G93A transgenic rats and reduced their survival

(25), suggesting that glial immunoproteasomes may play
a protective role on motor neurons. However, when
SOD1G93A mice were cross-bred with mice lacking the
LMP2 immunoproteasome subunit (46) no changes in the
disease progression and survival was observed, suggesting
that this subunit is not directly involved in the pathogenesis
of mutant SOD1-induced disease.

Conclusions and perspectives

In the present study, we have used a novel approach to monitor
the functional status of the UPS in vivo at the cellular level,
and, for the first time, report the occurrence of UPS impairment
in motor neurons of a mouse model of familial ALS. The
reduced expression of some constitutive subunits of the 26S pro-
teasome observed in SOD1G93A mice may contribute to this
impairment. In agreement with other studies we have also con-
firmed that the immunoproteasome, in particular its LMP7
subunit, is up-regulated during disease progression in the
SOD1G93A mouse model of familial ALS. Its prevalent
up-regulation in astrocytes and microglia in the absence of down-
regulation of the constitutive proteasome subunits, may explain
the lack of aggregates and ubiquitin accumulation in these cells.

On the basis of this evidence, we suggest that interventions
aimed at increasing the activity of the proteasome in motor
neurons could have beneficial effects in protecting these
cells by preventing the aberrant protein aggregates and in
slowing the progression of pathology in ALS.

Although little is known about the mechanisms of protea-
some regulation, recent reports have suggested that expression
of UPS subunits can be modulated by chemicals in mouse
(47–49). In particular, the catalytic subunits of the 26S protea-
some are inducible in mouse brain by oral treatment with
chemicals that also reduce levels of mutant human SOD1

Figure 10. Representative autoradiographs of lumbar spinal cord sections from NTg (A), GFP2 (B) and symptomatic GFP2/SOD1G93A mice (C) hybridized
with 35S-labelled anti-sense GFP-RNA probe. An intense silver grain density is observed in the cells of GFP2/SOD1G93A sections (B and C). Scale bar 100 mm.
(D) Quantification of the grain density in cells from the ventral horn lumbar spinal cord of GFP2 and GFP2/SOD1G93A mice. Each histogram represents the
mean+SEM of five mice. Data were analyzed by Student’s t-test (�P , 0.05 compared with GFP). In symptomatic GFP2/SOD1G93A a significant increase of
UbG76V-GFP mRNA is detected in small cells (,250 mm2), but not in large cells (.250 mm2) compared with GFP2 mice.
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protein in murine neuroblastoma cells (47). Thus, testing these
chemicals on the progression of the disease in SOD1 mutant
mice may be warranted.

MATERIALS AND METHODS

Mouse models

Mice were maintained at a temperature of 21+ 18C with a
relative humidity 55+ 10% and 12 h of light. Food (standard
pellets) and water were supplied ad libitum.

Procedures involving animals and their care were conducted
according to the institutional guidelines, that are in compliance
with national (D.L. no. 116, G.U. suppl. 40, Feb. 18, 1992,
Circular No.8, G.U., 14 luglio 1994) and international laws
and policies (EEC Council Directive 86/609, OJ L 358, 1
Dec.12, 1987; NIH Guide for the Care and use of Laboratory
Animals, U.S. National Research Council, 1996).

Transgenic SOD1G93A mice expressing about 20 copies of
mutant human SOD1 with a Gly93Ala substitution
(B6SJL-TgNSOD-1-SOD1G93A-1Gur) or wild-type human
SOD1 (SOD1wt) were originally obtained from Jackson
Laboratories and maintained on a C57BL/6 genetic back-
ground at Harlan Italy S.R.L., Bresso (MI), Italy.

UbG76V-GFP mice express the transgene from a chicken
b-actin promoter with a cytomegalovirus immediate early
enhancer (28). Both UbG76V-GFP mouse strains, named
UbG76V-GFP1 (GFP1) and UbG76V-GFP2 (GFP2), were used
in this study. For the maintenance of these lines, GFP1 or
GFP2 males were bred with C57BL/6 NTg females.

Since SOD1G93A females are sterile, double-transgenic
GFP/SOD1G93A mice were obtained by cross-breeding
SOD1G93A males with GFP1 or GFP2 females. Both
SOD1G93A and GFP mice are derived from the same
C57BL/6 strain, thus minimizing the confounding effects of
different genetic backgrounds. The genotyping of the litters
was conducted by polymerase chain reaction (Primer
sequences: SOD1 F0: CAT CAG CCC TAA TCC ATC
TGA, R0: CGC GAC TAA CAA TCA AAG TGA;
UbG76V-GFP F0: ACC ACA TGA AGC AGC ACG ACT,
R0: CTT GTA CAG CTC GTC CAT GC) on DNA extracted
from tail biopsies. Mice were killed at 12, 16 and 22–23
weeks of age, corresponding, respectively, to pre-
symptomatic, early symptomatic and end stage of progression
of the motor dysfunction.

Cell cultures

Primary spinal neurons were prepared from spinal cord of
14-day-old GFP2 or NTg mouse embryos. Cells were plated
into wells previously coated with a layer of confluent NTg
astrocytes, cultured at 378C in a humidified atmosphere of
95% air and 5% CO2 and used after 5–6 days in vitro. The
growth of UbG76V-GFP glial cells was minimized by adding
to the culture medium the anti-mitotic drug Ara-c (10 mM).

The proteasome inhibitor MG132 (0.5–4.5 mM from Sigma)
was added in the culture medium. After 6 h of treatment, the
cells were rinsed in PBS, fixed with 4% paraformaldehyde
in PBS for 30 min at RT and processed for immunohisto-
chemistry as described below.

Immunohistochemistry

Anaesthetized mice were perfused with 4% paraformaldehyde
and brain and spinal cord were removed, post-fixed and either
frozen at 2808C after cryoprotection or sectioned with a
vibratome. Light microscopic immunohistochemical analyses
were done on lumbar spinal cord and brain sections (40 mm
thick vibratome sections and 30 mm thick cryosections) and
on primary spinal neurons.

The following mice were analyzed: at least three NTg and
three SOD1G93A mice for each age and three 22-week-old
SOD1wt mice; at least four GFP1, GFP2, GFP1/SOD1G93A
and GFP2/SOD1G93A mice for each age examined.

The following primary antibodies were used: (i) monoclonal
anti-20Sa (PW8195); polyclonal anti-19S regulator ATPase
subunit Rpt3 (PW8175); polyclonal anti-LMP2 (PW8205);
polyclonal anti-LMP10 (PW8150; polyclonal anti-LMP7
(PW8200) to detect proteasome subunits (all from
Biomol,1:1000); (ii) monoclonal anti-human SOD1 (Stress-
gen, 1:1000); (iii) polyclonal anti-ubiquitin (DAKO, 1:200);
(iv) monoclonal SMI-32 and SMI-31 (Sternberger Inc,
1:200) to visualize non-phosphorylated and phosphorylated
epitopes of neurofilaments, respectively; (v) monoclonal
anti-ChAT (Calbiochem, 1:200) to identify motor neurons;
(vi) monoclonal anti-GFAP to detect astrocytes (Chemicon,
1:2500); (vii) monoclonal anti-CD11b to detect microglia
(The Chemical Society, 1:1000); (viii) polyclonal anti-GFP
(Molecular Probes, 1:3500).

For the immunoperoxidase procedure, tissue sections were
treated with 1% hydrogen peroxide in PBS to inhibit endogen-
ous peroxidases, blocked in 1% BSA in PBS containing 0.2%
Triton X-100 for 30 min and then incubated overnight with the
primary antibodies diluted in PBS containing 0.1% BSA.
Immune reactions were revealed by 75 min incubation in the
appropriate secondary biotinylated antiserum (goat anti-rabbit
for polyclonals, horse anti-mouse or goat anti-rat for monoclo-
nals, both from Vector Laboratories, 1:200), followed by
75 min incubation in the avidin-biotin-peroxidase Complex
(Vector) and using diaminobenzidine as chromogen. Control
sections processed with omission of the primary anti-
serum and developed under the same conditions gave no
immunostaining.

For double-label immunofluorescence, the samples were
incubated overnight in a mixture of polyclonal and mono-
clonal primary antibodies revealed by the appropriate
secondary antibodies conjugated to different fluorochromes
(Invitrogen, 1:200).

For the immunofluorescence detection of GFP on tissue
sections and fixed cells, the anti-GFP antibody (1:10 000)
was used and revealed with the TSA amplification kit (Cy5,
Perkin Elmer), as already described (50).

In each immunohistochemical experiment, some of the sec-
tions were processed without the primary antibody, in order to
verify the specificity of the staining. For the colocalization
between GFP and ubiquitin, it was verified that no direct
reaction was detectable between the secondary fluorescent
antibody and the primary antibody amplified with tyramide
procedure.

The number of motor neurons, of GFP-positive cells and of
cells showing colocalization of GFP and SMI-31 or of GFP

Human Molecular Genetics, 2009, Vol. 18, No. 1 93

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2012
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


and ubiquitin was determined on serial sections (one every
10th) of lumbar spinal cord segment L3. A total of ten sections
were acquired with a camera, using AnaliSYS software (Soft
Imaging Systems, ver. 3.2); only the neurons showing
intense GFP immunostaining were considered for the quanti-
tative analysis. In these sections Nissl’s substance was visual-
ized with NeuroTrace 500/525 Nissl stain (1:500 Invitrogen)
in order to count the number of motor neurons in the ventral
horn. Motor neurons were defined as large polymorphic cells
with an area larger than 250 mm2. Data were expressed as
mean number of neurons per section.

For the colocalization analyses, fluorescence-labeled
samples were analyzed under an Olympus Fluoview laser
scanning confocal microscope (Olympus BX61 light micro-
scope) or a TCS NT confocal laser scanning microscope
(Leica Lasertecknik GmbH, Heidelberg, Germany) equipped
with a 75 mW Kripton/Argon mixed gas laser.

Western blot and immunoblotting

Mice were killed according to ethical procedures by decapi-
tation. The spinal cord was flushed from the vertebral
column and sectioned into cervical, thoracic and lumbar seg-
ments. The samples were immediately frozen on dry-ice and
stored at 2808C.

Frozen lumbar spinal cords were homogenized by soni-
cation in ice-cold homogenization buffer (20 mM HEPES pH
7.4, 100 mM NaCl, 10 mM NaF, 1% Triton X-100, 1 mM ortho-
vanadate, 10 mM EDTA, 20 mM NEM and protease inhibitor
cocktail Roche, Basel, Switzerland) and centrifuged at
10 000g for 10 min at 48C. Protein concentration was
determined by BCA Protein Assay (Pierce Biotechnology,
Rockford, IL, USA) against BSA standards and homogenates
were adjusted to equal protein concentration in homogeniz-
ation buffer. Equal amounts of total protein (30 mg) were
separated on 12% Tris–glycine polyacrylamide gels and elec-
troblotted onto nitrocellulose membranes (Protran, Scheicher
and Schuell). To check for even protein loading and transfer,
membranes were briefly immersed in Ponceau-S stain (0.2%
Ponceau-S in 3% trichloro-acetic acid) and rinsed in water.
Membranes were then placed between plastic sheets and
scanned for later analysis.

For detection of GFP reporter protein, membranes were
immunoblotted with mixed-mouse monoclonal anti-GFP anti-
body (1:2000 from Roche), followed by HRP-conjugated anti-
mouse secondary antibody (1:4000 from GE Helathcare, UK)
and visualized by enhanced chemiluminescent. Films were
scanned on a CanoScan 5200F scanner (Canon) and band
intensities measured using Image J (public domain software).

The obtained values were corrected for Ponceau staining of
total protein and expressed as a percentage of the basal value
detected in the single transgenic UbG76V-GFP control tissues.
Statistical comparisons were performed using Student’s t-test.

Real-time PCR

Mice were killed in accordance with ethical procedures
(Equithesin: 1% Phenobarbital, 4% chloral hydrate) by decapi-
tation. The brain was removed and the hippocampus was iso-
lated. The spinal cord was flushed out from the vertebral

column and sectioned into cervical, thoracic and lumbar seg-
ments. The samples were immediately frozen on dry-ice and
stored at 2808C. Total RNA was extracted using the Trizol
method (Invitrogen), purified according to the manufacturers’
recommendation and resuspended in sterile water. RNA
samples were treated with DNase I (1� DNase I reaction
buffer and 2 U of DNAse I from Invitrogen).

cDNA used for the Taq Man technology was obtained by
reverse transcription of DNase-treated RNA using the High
Capacity reverse transcription kit (1� RT Buffer, Multiscribe
MuLV reverse transcriptase 1.25 U/ml, RNAsi inhibitor 1 U/
ml, Random Primers 1� and 4 mM deoxyNTP mix from
Applied Biosystems).

cDNA used for real-time PCR experiments with the SYBR
Green chemistry was obtained by reverse transcription of total
RNA using Gene Amplification RNA PCR-core kit (1� PCR
Buffer, MuLV reverse transcriptase 2.5 U/ml, RNAsi inhibitor
1 U/ml, oligo dT 16 2.5 mM and deoxyNTP 1 mM each,
Applied Biosystems).

Real-time PCR quantification for b-actin, GFAP, CD68 and
TNFa was performed on cDNA specimens in triplicate, using
1� Universal PCR master mix and 1� mix containing
specific probes (Supplementary Material, Table S1) (Taq
Man Gene expression assays, Applied Biosystems). All the
constitutive and inducible proteasome subunits, the CD8 and
the GFP, were quantified on SYBR Green chemistry-derived
cDNA specimens (in triplicate) using 1� SYBR Green PCR
master mix and specific primers (0.3 mm each, Supplementary
Material, Table S2).

The levels of all transcripts were normalized to b-actin
mRNA levels and the ratio values in transgenic mice were
expressed as percentage of the ratio estimated from NTg
mice. Levels of GFP transcript in double-transgenic mice
(GFP1/SOD1G93A) were expressed as percentage of the
levels measured in the single GFP1 littermates. Mean values
of the triplicate for each animal (four mice per group) were
used as individual data for statistical analysis using Student’s
t-test.

In situ hybridization

Mice were killed in accordance with ethical procedures, by
decapitation. The spinal cord was flushed out from the ver-
tebral column and sectioned into cervical, thoracic and
lumbar segments. The samples were frozen in 2-methylbutane
at 2458C and conserved at 2808 until use. Lumbar spinal
cords sections (14 mm) were cut using a cryostat, mounted
on poly-L-lysine-coated microscope slides and fixed in 4%
paraformaldehyde, acetylated (0.1 M triethanolamine and
0.25% acetic anhydride in 0.9% NaCl), dehydrated through
a graded series of ethanol, delipidated in chloroform, air
dried and stored frozen at 2808C.

35S-labeled RNA probes were obtained by in vitro transcrip-
tion (51) and in situ hybridization was performed as previously
described (52). Briefly, fixed spinal cord sections (14 mm,
L2–L4 levels) of GFP/SOD1G93A and GFP mice (four
mice in each group) were hybridized with 35S-labelled RNA
probes complementary to GFP mRNAs, which were prepared
through in vitro transcription of cDNA fragments. GFP insert
(514 bp in length) was cloned in pCDNA3 plasmid, and
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antisense and sense transcripts were obtained by using SP6
and T7 RNA polymerase enzymes, respectively.

The templates were hydrolyzed in mild alkaline buffer
at 608C to obtain fragments of about 200 bp in length. The
mixtures were neutralized and the 35S-labelled riboprobes
were purified by G-50 Sephadex Quick Spin Columns
(Roche). Probes were diluted to 4000 cpm/ml with hybridiz-
ation buffer and slides were incubated with the 35S-labelled
RNA probes overnight at 558C in sealed humidified chambers.
After hybridization, sections were washed, treated with RNase
A and dehydrated through a graded series of ethanol as
previously described (52).

The slides were exposed to Beta-max film (Amersham Bio-
sciences) for 7 days, dipped in photographic emulsion (Ilford
K5 diluted 1:1 with 0.1% Tween 20) and exposed for 15 days
at 48C. Sections were then developed, counterstained with
cresyl violet and examined by light and dark field microscope
before the quantitative analysis of the grain density. The speci-
ficity of the in situ hybridization for the transcript was verified
by the absence of the signal using sense radiolabeled probe.

Grain density in single cell was quantitatively evaluated
using AnaliSYS software (Soft Imaging Systems, ver. 3.2).
Cresyl violet stained cells were used to define the circular
frame outlining the cell and the grain density over a single
cell was expressed as number of grains/mm2 cell area. At
least two sections from each animal were analyzed and the
cells were subdivided on the basis of their size. Mean values
of grain density for each size category in each animal were
used for statistical analysis by Student’s t-test.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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